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Abstract 
Natural analogues of Portland cement can provide insights into carbonation processes operating over timescales of interest to 
performance assessments of CO2 storage. Two such sites in Northern Ireland (Scawt Hill and Carneal Plug) have been 
investigated, where carbonation reactions of naturally-occurring cement minerals can be observed. Here, partially hydrated 
larnite-rich nodules have been reacting with atmospheric CO2 or dissolved bicarbonate ions at low temperatures over the last 10-
20 thousand years. This has produced rims of carbonate minerals around hydrated low-temperature calcium silicate (CSH) 
minerals enclosing residual cores of primary high-temperature metamorphic calcium silicates and calcium aluminates (dominated 
by larnite, and often accompanied by wollastonite, spurrite, paraspurrite, brownmillerite, bredigite, andradite-grossular) with 
carbonation proceeding progressively from the outer margins of the nodules. Calcite and scawtite are the dominant secondary 
calcium carbonate minerals, but vaterite and aragonite have also formed. The carbonation produces dense, low-porosity 
carbonate rims. This is associated with a reduction in volume, accompanied by shrinkage and microfracturing of the underlying 
residual poorly crystalline CSH gel and its silica-rich alteration product, which has created significant secondary porosity in the 
altered material. Although some secondary calcium carbonate reaction products may partially mineralise the fractures, they do 
not seal the fractures completely, allowing further ingress of CO2/bicarbonate. That said, the ingress rate has not been sufficient 
to completely carbonate the nodules, even after several thousand years. Uncertainties remain in terms of quantifying carbonation 
reaction rates and the CO2/HCO3
-
 flux, and further work is needed to understand these potentially very useful analogues. 
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1. Introduction 
By storing large volumes of CO2 securely in the geosphere, we may be able to redress some of the imbalance 
between anthropogenic CO2 production and wanting to limit emissions to the atmosphere. A crucial aspect of 
geological storage is that man-made seals for injection and other legacy wells penetrating reservoirs holding CO2 
underground remain effective for a considerable time. However, the operational design life of a typical oil well does 
not usually exceed 25-30 years, whereas efficient sealing of boreholes used in CO2 storage operations requires much 
longer lifetimes, measurable in thousands of years. It is thus very important to understand the long-term behaviour 
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of borehole materials, as the deterioration of engineered seals around boreholes may provide routes for CO2 
migration regardless of the efficiency of the caprock seal. 
This study describes the alteration of naturally-occurring calcium silicate and calcium silicate hydrate (CSH) 
phases (similar to those found in man-made cements) from Scawt Hill and Carneal Plug in Northern Ireland, United 
Kingdom. At these sites the phases have interacted with atmospheric or soil CO2, or with dissolved bicarbonate 
(HCO3
-
) in groundwater, and provide a ‘natural analogue’ for the potential long-term reactivity, stability and 
alteration behaviour of similar phases in borehole cements.  
2. Natural analogues of cement 
Natural analogues in which either the groundwater chemistry or mineral assemblages are similar to those 
encountered in man-made Portland cement systems are very rare, and known from only a small number of restricted 
geological environments (e.g. see 1, 2, 3). Four principal occurrences of these analogue systems can be defined: 
1. Low-temperature serpentinisation of ultrabasic rocks associated with ophiolite complexes, such as in Oman, 
Cyprus, Bosnia, California, Philippines, Japan and New Caledonia [4, 5, 6]. 
2. Retrograde alteration and hydration of calcium silicates in high temperature-low pressure contact metamorphic 
zones (hornfels) around igneous intrusions in impure limestones and calcareous shales [1, 7, 8, 9, 10]. The 
analogue systems described in this paper are of this type. 
3. Retrograde alteration and hydration of small bodies of high temperature/low pressure marble produced by 
spontaneous combustion and in-situ calcination (pyrometamorphism) of organic-rich argillaceous and siliceous 
limestones [e.g. 2, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. 
4. Alteration of high temperature/low pressure metamorphic minerals produced by pyrometamorphism of coal 
seams and other carbonaceous sediments [10].  
In these geological systems, natural cement minerals may potentially be altered as a result of carbonation through 
direct contact with atmospheric or soil gas CO2, or by interaction with rainwater containing dissolved CO2, or 
bicarbonate-type groundwaters. Importantly, these systems may have been undergoing carbonation reactions over 
many 10s or 100s of thousands of years. These timescales are appropriate when considering long-term sealing 
performance of well-cement systems, though it is acknowledged that the partial pressures of CO2 experienced by the 
above environments may be relatively low compared to CO2 storage conditions deep underground. 
This study focused on the carbonation of naturally-occurring cement minerals associated with the contact 
metamorphic aureoles around minor Tertiary dolerite intrusions into Cretaceous siliceous limestones (chalk) in 
Northern Ireland. These sites were examined previously during a natural analogue study of the hydration and long-
term evolution of calcium silicate hydrate (CSH) phases [1]. 
3. Site descriptions and analytical methodology 
The Tertiary (Palaeogene) Antrim Lava Group of Northern Ireland is intruded by at least thirty dolerite plugs that 
in places form prominent landmarks rising above the surface of the Antrim Plateau [21]. These minor intrusions are 
roughly circular in outline or elongated in a NNW-SSE direction that is parallel to the orientation of the main dyke 
swarm. They vary from 50 m to 1 km in diameter and are composed mainly of olivine dolerite. Four of these plugs 
intrude the chert (flint)-bearing Upper Cretaceous Ulster White Limestone Formation (chalk), resulting in the 
limestone and chert nodules being hornfelsed and metasomatised to produce a calcsilicate mineral assemblage [7, 8, 
15, 16, 17, 21]. A total of 15 samples of altered calcsilicate hornfels rock were collected from two of these 
metamorphic contacts at Scawt Hill and Carneal Plug in order examine the effects of carbonation-related alteration 
on the mineralogy and fabric of the calcsilicate mineral assemblage. 
3.1. Carneal Plug 
The Carneal Plug is located to the south of Larne (National Grid Reference X3390 3959). It is a small Palaeogene 
dolerite plug some 100-120 m in diameter, and is intruded through the Lower Basalt Formation of the Antrim Lava 
Group [21, 22]. The eastern margin of the plug is sheared, and this shearing also affects a large xenolith of Ulster 
White Limestone Formation included within the dolerite at this contact. 
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Figure 1. Location of the analogue sites, and a simplified map of the solid geology of the Scawt Hill area. 
 
The plug comprises a central core of coarse-grained ophitic olive-dolerite, with an outer marginal zone of 
pyroxenite containing large xenolithic inclusions (up to 10 m across) of fine-grained, hornfelsed, hard white 
limestone bedded with flints [22]. The limestone xenoliths have been dragged up by the intrusion from the Ulster 
White Limestone Formation that underlies the Lower Basalt Formation in this area [21, 22, 23]. The Ulster White 
Limestone Formation is seen at outcrop 1 km south of the plug, near Carneal Bridge, but the depth at which it 
underlies the area of the plug is unknown, though it is believed to be of the order of a few tens of metres [22]. 
3.2. Scawt Hill 
Scawt Hill in County Antrim (National Grid Reference D3380 0900) is a very conspicuous feature at the edge of 
the east-facing Antrim basalt escarpment (Figure 1). It is formed by a moderately large olivine-dolerite plug of 
Palaeogene age that intrudes both the Cretaceous Ulster White Limestone Formation and early Palaeogene lavas of 
the Lower Basalt Formation of the Antrim Lava Group [21].  
Samples of hornfelsed limestone (marble), containing altered and unaltered calcsilicate nodules, were collected 
for detailed mineralogical and petrographical analysis from two locations: 
1. The contact zone at the southeast of the hill, where the cliffs expose a thin veneer of metamorphosed Ulster 
White Limestone Formation (marble) that adheres to the vertical walls of the dolerite plug. 
2. From a large landslipped block of marble and weakly metamorphosed Ulster White Limestone Formation that 
emerges through an apron of scree at the foot of the centre of the southeast face of the hill. 
When freshly broken open, the marble contained highly altered calcsilicate (larnite) nodules that were replaced 
by moist, soft, white, gel-like CSH alteration products. On exposure to air this material rapidly dried to hard creamy-
white gel with shrinkage cracks. 
3.3. Analytical methodology 
The altered calcsilicate hornfels samples were initially sawn in two to produce flat fresh surfaces. These cut 
surfaces were then photographed before taking subsamples for detailed mineralogical and petrographical analysis. 
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Petrographical analyses were conducted on polished thin sections of the nodules. Analytical techniques involved 
included the following: 
1. Bulk mineralogy was determined by X-ray diffraction (XRD) analysis using a PANalytical X’Pert Pro series 
diffractometer equipped with a cobalt-target tube, X’Celerator detector and operated at 45kV and 40mA. 
2. Backscattered scanning electron microscopy (BSEM) analyses were carried out using a LEO 435VP variable 
pressure digital scanning electron microscope (SEM) equipped with a solid-state 4-element (diode) 
backscattered electron (BSEM) detector. The SEM was also fitted with an Oxford Instruments INCA Energy 
350 energy-dispersive X-ray microanalysis (EDXA) system with a thin window Si-Li X-ray detector capable of 
detecting elements from boron to uranium. Observations were recorded using a 10-20 kV beam accelerating 
voltage and a probe current of 200-800 pA current. 
4. Mineralogical observations 
Only a summary of the mineralogical observations is presented here. More extensive descriptions of the samples 
are reported elsewhere [3]. 
4.1. Alteration of calcsilicate nodules from Carneal Plug 
Macroscopically, the hornfelsed chert (calcsilicate) nodules largely retain the morphology of the original chert 
concretions (Figure 2). The nodules display brecciation related to the volume change brought about by the 
mineralogical change during thermal metamorphism and their features are broadly similar to those described 
previously [15, 16, 17]. The former chert nodules commonly exhibit dark reaction rims, and the original chert and its 
adjacent limestone matrix have been completely altered and replaced by calcsilicate rock containing a complex 
assemblage of minerals that includes: quartz, larnite, wollastonite, spurrite, bredigite, merwinite, gehlenite, calcite, 
spinel, scawtite, perovskite, hibschite (hydrogrossular), titanite (sphene) and magnetite, together with their low-
temperature alteration products such as xonotlite and tobermorite. Two stages of late-stage, low temperature 
alteration were differentiated: 
1. The earliest alteration was hydration and replacement of larnite by rims of amorphous CSH gel. Minor to trace 
amounts of larnite, intergrown within the underlying wollastonite-quartz-rich reaction zone in the cores of the 
metamorphosed chert nodule, may also be partially hydrated to amorphous/poorly crystalline CSH along 
networks of microfractures. CSH alteration products preserve (pseudomorph) original crystal grain boundaries 
of the primary larnite [1], which implies that the hydration of larnite to CSH/tobermorite is isovolumetric. 
2. The second alteration stage involved the replacement of CSH by calcium carbonates. The calcium carbonate 
mineral is dominantly calcite, but minor to trace amounts of vaterite, aragonite and ankerite also formed. The 
calcium carbonate nucleated as patches or ‘islands’ within the CSH gel matrix and along the fabric delineated 
by the original grain boundaries of the primary larnite. EDXA indicates that the residual CSH gel reduces in 
Ca:Si ratio as alteration progresses, and the carbonate ‘islands’ coalesce to form a microgranular groundmass. 
Eventually this produces a fine-grained mixture of calcium carbonate and an amorphous silica-rich gel. CSH 
replacement is also accompanied by enhanced microporosity, resulting from volume reduction and shrinkage of 
the CSH gel together with some dissolution of the gel matrix. Porous microfractures are also produced along the 
interface between the partially-altered wollastonite-larnite-quartz nodules and the host rock, often resulting in 
‘popping-out’ of the now only weakly-bonded nodule cores. These fractures are commonly lined by secondary 
calcite mineralisation, the calcium presumably having been derived from Ca released during the alteration of 
the CSH substrate. 
The late-stage carbonated alteration zone contains significant scawtite in addition to calcite, aragonite and 
vaterite. However, it is unclear whether the scawtite is part of the high-temperature retrograde metamorphic 
assemblage formed in the presence of CO2 during cooling (i.e. back reaction with CO2 after calcination), or is a 
reaction product associated with the very late-stage alteration of CSH. Sabine [15] also found the petrographical 
relationships of the low-temperature secondary phases difficult to establish, but suggested that the scawtite in 
Carneal Plug was of low-temperature hydrothermal origin, probably formed before tobermorite (CSH). 
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Figure 2. Carneal Plug: Highly metasomatised and partially assimilated hornfelsed xenolith of Ulster White Limestone Formation rock, 
containing metamorphosed chert concretions. The rock is irregularly veined by dark hybrid pyroxenite. 
Figure 3. Skawt Hill: Very hydrous gel-like phase formed by hydration and alteration of a calcsilicate (larnite) nodule, which was revealed in 
a freshly broken open block of marble.  
Figure 4. Section through an altered larnite-spurrite-scawtite nodule from Scawt Hill showing concentrically banded alteration around a 
residual core of the original calcsilicate metamorphic rock. 
Figure 5. Transmitted light image of thin section through altered calcsilicate nodule from Skawt Hill. It shows zoned alteration: A - quartz-
rich zone with minor larnite; B – larnite with minor spurrite or paraspurrite; C – Inner zone of the late-stage alteration rim, with 
secondary porosity highlighted by blue resin; D – zone of carbonation reaction with scawtite, amorphous silica and calcium 
carbonate; E – host marble. 
4.2. Alteration of calcsilicate nodules from Scawt Hill 
The calcsilicate nodules from Scawt Hill are generally much paler than similar hornfelsed chert from the 
xenolithic limestone blocks found at Carneal Plug (Figure 3). They are concentrically zoned (Figures 4 and 5), 
usually comprising a largely unaltered core of coarsely crystalline larnite, or larnite and spurrite/paraspurrite, 
surrounded by a reaction rim of quartz and scawtite. In some cases a central core of coarse quartz-rich material may 
be present, representing recrystallised chalcedonic silica that has not reacted with lime from the adjacent host 
limestone during thermal metamorphism. 
As at Carneal Plug, many of the nodules display buff-coloured, leached, microporous outer margins. XRD 
analysis revealed this leached rim to be largely made of very fine quartz (and/or amorphous silica) and calcite, with 
minor to trace hydroxylapatite, scawtite and tobermorite. In thin section, the nodules displayed hydration of larnite 
to predominantly amorphous CSH gel. The larnite hydration to CSH was present mainly towards the rim of the 
nodules, beneath the outer scawtite and quartz-rich band. The scawtite appeared to be an early carbonate mineral 
Fig 2 Fig 3 
Fig 4 
Fig 5 
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closely associated with larnite, and predates the hydration of the larnite to CSH. It may be intergrown with larnite, 
but appears to form a reaction band between the larnite and the host marble. In more altered regions of the nodules, 
the larnite was seen to be hydrated to CSH, which filled interstitial spaces between a skeletal framework of residual 
scawtite. 
The secondary CSH rims are often highly microporous, and contain microcrystalline calcium carbonate. 
Extensively altered rims consist mainly of calcite. Minor hydroxylapatite is also present and probably residual 
primary metamorphic apatite. BSEM-EDXA revealed that non-crystalline (with respect to XRD) CSH gel present in 
these rims has been extensively replaced by microcrystalline calcite that has locally nucleated within, and replaced, 
patches of the CSH gel. Fine secondary silica gel is also present and is finely admixed with the calcite. This fine 
silica appears to be derived as a by-product of the carbonation reaction of the CSH. As in the Carneal Plug samples, 
the samples from Scawt Hill also display the formation of secondary microporosity closely associated with the late-
stage alteration of CSH to calcium carbonates. This microporosity in the carbonated reaction band appears to have 
been created partly through leaching and dissolution of the CSH gel and partly as a result of shrinkage of the CSH 
gel on its replacement by microgranular calcite. 
5. Discussion and conclusions 
5.1. Hydration and carbonation reactions of natural CSH phases 
The high-temperature anhydrous phases larnite, bredigite, spurrite and paraspurrite were originally formed by 
high-temperature thermal metamorphism (1050-1100°C, about 200 bars) of chert concretions within the limestone 
[15, 16, 17]. Subsequently, groundwater hydrated the primary metamorphic assemblage (principally larnite and 
spurrite/paraspurrite) to form xonotlite, tobermorite, and CSH gels. Traces of ettringite and gypsum were also 
identified. Two stages of hydration are recognised:  
1. Early hydrothermal alteration under moderate temperatures, associated with retrograde metamorphism (i.e. 
cooling). Phases such as xonotlite are believed to have formed during this early alteration [15]. 
2. Late-stage hydration of larnite and the formation of tobermorite and CSH gel. Sabine [15] considered this 
alteration to have occurred at low temperatures (<100°C for CSH gel and probably <160°C for tobermorite) in 
the waning stages of the Tertiary hydrothermal system associated with the emplacement of the dolerite plugs. 
However, it is also just as likely that this low-temperature alteration could have occurred by interaction with 
normal low temperature background groundwater at any time since hydrothermal activity ceased, and could be 
ongoing at the present day. This has been observed elsewhere (e.g. in the Maqarin Natural Analogue Site in 
Jordan), where active hydration of larnite to CSH gels and tobermorite is occurring at the present-day at low-
temperature (<15-20°C) groundwater [2, 18, 19, 24]. 
The larnite and CSH reaction products subsequently interacted with CO2 or dissolved HCO3
-
 to produce 
secondary carbonate minerals. These carbonation reactions occurred in at least two stages: 
1. Early reaction of CO2 with larnite formed the complex hydrous calcium silicate carbonate mineral scawtite. 
This formed as a discrete reaction zone at the interface between the larnite cores and the marble host rock. The 
mineral fabric suggests that scawtite formed prior to the hydration of larnite to tobermorite or CSH. Sabine [15], 
referring to early experimental studies on scawtite stability [25, 26], suggested that scawtite probably formed 
between 225-320°C under high partial pressures of CO2 prevailing during retrograde metamorphism. 
2. Late-stage replacement of secondary tobermorite and CSH gel by microcrystalline calcium carbonate. The 
calcium carbonate is dominated by calcite, but vaterite and aragonite are also present. Vaterite has been 
identified previously from the hornfelsed Ulster White Limestone in the metamorphic contact of the nearby 
Ballycraigy Plug, also in association with the hydration of larnite to tobermorite and CSH gel [27]. Ankerite 
was also identified as a trace mineral in strongly metasomatised larnite-bearing rock from Carneal Plug. 
Late-stage carbonation and replacement of CSH and tobermorite by calcium carbonate is closely associated with 
the progressive loss of Ca from the CSH, and ultimately in the formation of residual secondary silica gel or fine-
grained quartz. Whilst the hydration of larnite to CSH in these natural materials appears to be isovolumetric, the 
carbonation of the natural CSH gel and tobermorite is associated with significant volume reduction. This manifests 
itself in shrinkage and microfracturing of the residual CSH gel. Shrinkage and microfracturing, together with 
dissolution and leaching of the CSH phases, have created significant secondary porosity in these rocks. 
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5.2. Timescales of the late stage carbonation alteration 
Late-stage carbonation and alteration of the CSH hydration products of larnite at Scawt Hill and Carneal Plug 
may have occurred by either: interaction with dissolved HCO3
-
 in groundwater within the saturated zone prior to 
uplift and exposure, or by interaction with atmospheric CO2 or HCO3
-
 in rainwater on exposure to aerial weathering. 
At Scawt Hill the larnite nodules have been extensively leached, and the CSH rims largely replaced by secondary 
calcium carbonate and amorphous silica/fine quartz. In contrast, larnite nodules recovered by breaking open blocks 
of marble, and which had not been exposed to surface weathering showed only minor late-stage carbonation of CSH 
rims. This implies that the carbonation is strongly influenced by exposure to weathering, atmospheric CO2 and/or 
carbonic acid in rainwater. The contact metamorphic rocks observed on the southeastern rock faces of Scawt Hill 
have probably been exposed as a result of large landslips that affect the steep eastern margin of the Antrim Plateau, 
including Scawt Hill. These major landslips are most likely to have occurred shortly after the retreat of ice cover at 
the end of the last glacial maximum (24,000 to 20,000 years BP), when the ice support was lost [21]. This would 
suggest that the observed carbonation and leaching reactions at the Scawt Hill site could have been ongoing since 
this time. 
At Carneal Plug, the carbonation and leaching of larnite and its associated secondary CSH hydration products 
have been observed in material exposed in the degraded walls of a small quarry working on the western side of the 
plug. The CSH phases have been exposed to atmospheric CO2 and rainwater since these faces were last worked. The 
age of the quarry is not known, but it seems likely that it was probably worked during the last 100-200 years to 
produce local stone for the construction of field boundary walls. However, the presence of euhedral secondary 
calcite crystals lining the surfaces of fractures within the carbonated larnite nodules might indicate that the calcite 
crystals grew within water-saturated pores (i.e. when the rock was below the groundwater table). This would imply 
that carbonation of nodules may be much older. 
6. Implications for CO2 interaction with well cements 
That moderately-sized nodules of CSH phases do not undergo total carbonation even after several thousand years 
is important. This observation would support the idea that similar minerals in well cements may possibly have 
significant longevity under certain subsurface conditions. Caution is noted however, as the carbonation of these 
natural CSH materials has clearly occurred under different conditions to those anticipated for supercritical CO2 
storage within a deep saline aquifer or depleted hydrocarbon reservoir. Closer analogies could perhaps be drawn 
with lower CO2 concentrations at the outer margins of any dissolved CO2 ‘plume’. 
It is estimated that emplacement of Carneal Plug (and similar plugs like Scawt Hill) and the observed contact 
metamorphism of the Ulster White Limestone occurred at <700 m depth. However, late-stage hydration and 
alteration of the contact metamorphic assemblage has probably occurred at shallower depths, following significant 
post-Tertiary and Quaternary uplift and erosion which affected the region [15, 21]. 
The natural CSH minerals will not have reacted with supercritical CO2 at a high concentration. Instead, 
carbonation occurred under very low CO2 concentrations either by direct interaction with atmospheric CO2 during 
exposure and weathering, or by interaction with HCO3
-
 dissolved in dilute shallow groundwaters (i.e. more 
analogous to groundwaters at the very periphery of a dissolved CO2 front around a store of CO2).  
Despite these differences, the observations from Scawt Hill and Carneal Plug may provide an insight into some 
aspects of the interaction of CO2 with well cements. Natural CSH gel from Scawt Hill/Carneal Plug is very similar 
to the CSH gel encountered in Portland type cement, and has reacted with CO2 to form secondary calcium 
carbonates and silica. Calcite is the dominant secondary calcium carbonate mineral, but vaterite and aragonite are 
also formed. The carbonation produces a reduction in volume, accompanied by shrinkage and microfracturing of the 
residual poorly crystalline CSH gel and its silica-rich alteration product. This has created significant secondary 
porosity in the altered material. Although some secondary calcium carbonate reaction products may partially 
mineralise the fractures, they do not seal the fractures completely. 
Uncertainties remain about these natural samples, not least quantification of the rates of the carbonation reactions 
and the CO2/HCO3
-
 flux. However, further studies of these unusual natural analogues could provide much relevant 
information to aid our understanding of the long-term stability of borehole cements in CO2-rich environments. 
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